OBJECTIVE -IGF-binding protein (IGFBP)-1 is negatively regulated by insulin. We determined whether the measurement of IGFBP-1 in serum is a useful marker of insulin resistance.
I
nsulin resistance in muscle and other tissues is a major feature of type 2 diabetes and the insulin resistance syndrome (1, 2) . Moreover, obese and nonobese nondiabetic subjects have insulin resistance that predisposes them to type 2 diabetes, the insulin resistance syndrome, and coronary artery disease (2) . These individuals are not diabetic because they produce extra insulin to compensate for their insulin resistance. Thus, it is important to easily identify these individuals in the general population. Currently, the most accurate methods to measure insulin resistance are the euglycemic clamp and the steady-state plasma glucose level test (2, 3) . Because they require prolonged insulin infusions, they are complicated and costly. Thus, these
tests cannot be applied to the general population. Oral or intravenous glucose tolerance tests with multiple glucose and insulin determinations also have been used to measure insulin resistance but are not as accurate as the insulin clamp (3). Fasting insulin levels with and without concomitant glucose levels are also used as a reflection of insulin resistance but are generally less accurate than the glucose tolerance tests (3, 4) . What is needed therefore is a way to simply assess insulin resistance.
The growth factors IGF-1 and IGF-2 are related to insulin, but in contrast to insulin these factors are bound in serum to a family of six binding proteins termed IGF-binding proteins (IGFBPs) (5) . These proteins are related and share sequence homology. Of interest is that in the liver, insulin inhibits the transcription of IGFBP-1 and thus decreases serum levels of IGFBP-1 (6,7). While it is known that individuals with high insulin levels have low IGFBP-1 levels (8 -12), IGFBP-1 levels have not been correlated with the insulin clamp. In the present study, we have measured IG-FBP-1 levels in nondiabetic subjects and find that levels of this protein strongly correlate with insulin-mediated glucose disposal during a euglycemic clamp. These data suggest therefore that measurement of IGFBP-1 could provide a simple, inexpensive, and valid test for insulin resistance.
RESEARCH DESIGN AND
METHODS -Twenty-three nondiabetic subjects (13 women and 10 men, aged 24 -62 years) underwent a euglycemic insulin clamp to determine insulin sensitivity as part of other studies (13, 14) at the General Clinical Research Center of the University of Texas Health Science Center at San Antonio. Six of the nonsensitive subjects also underwent exercise training, and the insulin clamps were repeated (see below). All protocols were approved by the institutional review board, and informed written consent was obtained from each subject.
Euglycemic insulin clamp
After a 10-to 12-h overnight fast, subjects were admitted to the General Clinical Research Center at 7:00 A.M. for a euglycemic insulin clamp (3). Insulin was administered as a prime continuous infusion at the rate of 40 mU/m 2 per min for 120 min as previously described. Plasma glucose concentration was measured every 5 min, and a variable infusion of 20% glucose was adjusted to maintain the plasma glucose level at 90 mg/dl. Plasma samples were collected for determination of plasma glucose and insulin concentrations.
Exercise training
Six subjects underwent exercise training for 45 min 4 days a week for 8 weeks at a final 70% of VO 2max . Euglycemic insulin
From the 1 Diabetes Center, Department of Medicine, University of California, San Francisco, California; and theclamps were performed before exercise and 48 h after the last session of exercise. IGFBP-1 levels were measured at the time of the clamps. The training program was based on the guidelines of the American College of Sports Medicine and on the relationship between heart rate and VO 2 .
Glucose tolerance testing Eleven of the subjects who were insulin sensitive underwent a 75-g oral glucose tolerance test. Initial glucose levels were 83 Ϯ 2 mg/dl (means Ϯ SE). They rose to 137 Ϯ 10 mg/dl at 30 min, 121 Ϯ 10 mg/dl at 60 min, and 99 Ϯ 6 mg/dl at 120 min. Initial insulin levels were 4.3 Ϯ 0.68 U/ml. They rose to 46.2 Ϯ 9 U/ml at 30 min, 45.5 Ϯ 8 U/ml at 60 min, and 30.2 Ϯ 6 U/ml at 120 min. Samples for IGFBP-1 were obtained at basal and after 120 min.
Analytical determinations
Glucose was analyzed with a Beckman II glucose oxidase analyzer (Fullerton, CA). Plasma insulin (Coat A-Coat; Diagnostic Products, Los Angeles, CA) concentration was measured by radioimmunoassay. Glucose metabolism during the basal state and during the euglycemic insulin clamp was determined with Steele's nonsteady-state equation and a distribution volume of 0.65 (3). IGFBP-1 was measured by enzyme-linked immunosorbent assay (Diagnostic Systems Laboratory, Austin, TX).
Statistics
All data analysis was performed using MedCalc statistical software (Mariakerke, Belgium). Values are presented as means Ϯ SE. Correlations were determined by the Pearson correlation coefficient.
RESULTS -Twenty-three nondiabetic subjects underwent a euglycemic insulin clamp. Glucose disposal rates (M) (mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) varied from 2.0 to 8.5. In 12 subjects with an M value of Յ5.0, fasting IGFBP-1 levels were 6.2 Ϯ 0.91 ng/ml, whereas in subjects with M values Ͼ5.0, IGFBP-1 levels were 2.5-fold higher at 15.9 Ϯ 1.29 ng/ml (P Ͻ 0.004).
IGFBP-1 levels strongly correlated with M (r ϭ 0.73) (Fig. 1) . Fasting insulin levels negatively correlated with M values (r ϭ Ϫ0.61) as did homeostasis model assessment (HOMA) (r ϭ Ϫ0.62). However, neither of these values had a correlation with M that was as strong as the IGFBP-1 value. Subjects had BMI values ranging from 21 to 34.7 kg/m 2 . The BMI did not correlate as strongly with M (r ϭ Ϫ0.50) as did IGFBP-1 values.
We measured IGFBP-1 levels in six of the subjects who were sedentary and not insulin sensitive, both before and after 12 weeks of exercise training. In three subjects, glucose disposal values increased from 6.6 Ϯ 0.4 to 8.2 Ϯ 0.3 mg ⅐ kg Ϫ1 ⅐ min
Ϫ1
. IGFBP-1 levels increased in these subjects (from 16.4 Ϯ 1.9 to 26.1 Ϯ 6.9). In three subjects, glucose disposal did not change after training; (7.5 Ϯ 0.5 to 7.2 Ϯ 0.8 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ). In these individuals, IGFBP-1 levels decreased from 14.0 Ϯ 2.2 to 10.7 Ϯ 3.1 (P Ͻ 0.05 for postexercise IGFBP-1 levels, nonresponders verses responders).
To determine the response of IGFBP-1 to increased insulin levels, IGFBP-1 was measured in insulin-sensitive subjects, both in the basal state and 120 min after a 75-g oral glucose tolerance test. Basal insulin values were 4.3 Ϯ 0.68 U/ml and rose to 46.2 Ϯ 9 U/ml at 30 min after glucose. IGFBP-1 levels decreased to over one-half of basal at 120 min (Fig. 2) , indicating that the protein was regulated by insulin.
Figure 1-Relationship between insulin-mediated glucose disposal (M) and IGFBP-1 levels (A), fasting insulin levels (B), HOMA (C), and BMI (D).
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CONCLUSIONS -In the present study, we find that in nondiabetic subjects IGFBP-1 levels strongly correlate with insulin action as measured by the euglycemic insulin clamp. This correlation of IGFBP-1 was higher than observed with either fasting insulin levels or a glucose-insulin calculation such as the HOMA. These data suggest, therefore, that measurement of IGFBP-1 levels in nondiabetic subjects may be helpful in assessing their state of insulin sensitivity.
IGFBP-1 has a reported half-life of 89 min (7) . This relatively slow half-life for IGFBP-1 is in contrast to insulin, which has a half-life of a few minutes. Thus, the IGFBP-1 levels lag behind insulin levels and may be useful to indirectly integrate insulin secretion. Our studies show that after 120 min of hyperinsulinemia, IGFBP-1 levels fell by ϳ50%, which is in good agreement with the reported data. Thus, it is most likely that a single IGFBP-1 measurement more accurately reflects insulin secretion patterns than a single insulin measurement.
Our studies indicated that if insulin sensitivity was increased by exercise training, IGFBP-1 levels increased. In contrast, IGFBP-1 levels did not change in those subjects who did not increase insulin sensitivity by exercise training. These data suggest, therefore, that IGFBP-1 measurements may be a useful marker in studies designed to increase insulin sensitivity.
Others have reported that IGFBP-1 levels are lower in insulin-resistant subjects. Travers et al. (10) have reported that in obese pubertal children, there is a correlation between IGFBP-1 and insulin sensitivity as measured by the rapidly sampled intravenous glucose tolerance test. Using this for insulin sensitivity, Morris and Falcona (15) , studying women with polycystic ovary syndrome, reported an inverse correlation between insulin resistance and IGFBP-1. Heald et al. (11) has reported that subjects with impaired glucose tolerance have lowered IGFBP-1 levels, and these lower levels correlate with increased cardiovascular risk. Taken together with the findings of the present study, it is possible that measurement of IGFBP-1 may also prove useful in assessing insulin resistance in various states of insulin resistance.
